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Abstract.  A  newly defined chick calvariae osteoblast 
culture system that undergoes a temporal sequence of 
differentiation of the osteoblast phenotype with subse- 
quent mineralization (Gerstenfeld, L. C., S. Chipman, J. 
Glowacki, and J. B. Lian. 1987. Dev. Biol. 122:49-60) has 
been examined for the regulation of collagen synthesis, 
ultrastructural  organization of collagen fibrils, and ex- 
tracellular matrix mineralization.  Collagen gene ex- 
pression,  protein synthesis, processing,  and accumula- 
tion were studied in this system over a 30-d period. 
Steady state mRNA levels forpro al(I) and pro ~t2 
collagen and total collagen synthesis increased  1.2- 
and  1.8-fold,  respectively, between days 3 and  12. 
Thereafter,  total collagen synthesis decreased  10-fold 
while mRNA levels decreased 2.5-fold.  In contrast to 
the decreasing protein  synthesis after day  12, total ac- 
cumulated collagen in the cell layers increased sixfold 
from day  12 to 30.  Examination of the kinetics of 
procollagen processing demonstrated that there was a 
sixfold increase in the rate of procollagen conversion 
to ~t chains from days 3 to 30 and the newly synthe- 
sized collagen was more efficiently incorporated into 
the extracellular matrix at later culture times. 
The macrostructural  assembly of collagen and its 
relationship to culture mineralization  were also exam- 
ined.  High voltage electron microscopy demonstrated 
that culture cell layers were three to four cells thick. 
Each cell layer was associated with a layer of well de- 
veloped collagen fibrils orthogonally arranged  with re- 
spect to adjacent layers. Fibrils had distinct 64-70-nm 
periodicity typical of type I collagen.  Electron opaque 
areas found principally associated with the deepest 
layers of the fibrils consisted of calcium and phospho- 
rus determined by electron probe microanalysis and 
were identified by electron diffraction as a very poorly 
crystalline hydroxyapatite mineral  phase. 
These data demonstrate for the first time that cul- 
tured osteoblasts are capable of assembling their colla- 
gen fibrils into a bone-specific macrostructure which 
mineralizes  in a  manner similar to that characterized 
in vivo. Further,  this matrix  maturation  may influence 
the processing kinetics of the collagen molecule. 
T 
HE processes by which mineralization  is initiated and 
regulated  in bone and other vertebrate calcifying  tis- 
sues are incompletely understood.  It is known,  how- 
ever, that  a prerequisite  for mineralization  is the synthesis 
and assembly of an extracellular  matrix  into which mineral 
may be deposited. Collagen type I has been shown to be the 
major extracellular  matrix protein of bone. It comprises be- 
tween 60-70%  of its organic  components and between 20- 
30% of its total dry mass (20). Physiologically, type I colla- 
gen provides the protein basis for the architecture  of bone 
and the scaffold into which mineral  is accumulated  (5, 20, 
41). The importance of collagen type I in maintaining  struc- 
tural  integrity  and proper mineralization  of bone has been 
demonstrated for one form of inherited osteogenesis imper- 
fecta. A specific frame shift mutation in the carboxyl propep- 
tide of pro a2(I) resulted in severe limb deformity, multiple 
bone fractures  and osteoporosis (39). 
An understanding  of how type I collagen accumulation  is 
regulated during bone formation may provide insight into the 
mechanisms  of matrix  mineralization.  During  embryonic 
chick calvaria development,  between days 10 and  17, colla- 
gen synthesis increases from 12 to 65 % of the total protein 
synthesis.  This increase is directly  proportional  to greater 
quantities  in procollagen mRNAs,  a  result indicating  that 
procollagen synthesis is controlled at a pretranslational  level. 
After  such  high  levels  of collagen  synthesis  have  been 
reached,  increasing  calcification  of the bone is  observed 
(33). Other studies have examined collagen synthesis and its 
levels  of regulation  in  the  presence  of hormonal  factors 
specifically affecting bone growth or mineralization  (8, 41, 
42). Factors that promote bone resorption such as PTH and 
1,25 dihydroxyvitamin  D3 appear to inhibit collagen synthe- 
sis (11, 43, 45) while growth-promoting  factors such as insu- 
lin stimulate  collagen  production  (42). 
The relationships  between collagen synthesis and the pro- 
cess of matrix mineralization  may be examined in vitro since 
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The Journal of Cell Biology,  Volume 106, March 1988 979-989  979 Figure 1. Hybridization analysis of steady state type I collagen mRNAs in osteoblasts. (Le3~) Northern blot analysis of either procoilagen 
ctl(I) or r  mRNAs.  1 lag of poly A mRNA was loaded per lane.  Culture age from which mRNA samples were obtained is denoted 
in the figure.  Film exposure was for 24 h with an intensifying screen. (Right) Representative dot blot analysis of procollagen ttl(I) mRNAs 
found in total RNA. RNA quantity applied to the filter; culture day and DNA standard are shown. Film exposure was for 24 h with an 
intensifying screen. 
several reports have demonstrated the ability of cultured os- 
teoblasts  to  produce  a  calcified  matrix  (3,  4,  10,  17,  22, 
34-36,  48,  49,  55).  Recently,  we  have  shown  osteoblast 
differentiation in vitro by a  50-100-fold  increase of alkaline 
phosphatase enzyme activity and osteocalcin synthesis over 
a  30-d growth period in culture (17).  During this time these 
cultures  accumulated  60-75 %  of total  cell  layer protein  as 
type I  collagen.  When grown in the presence of 13-glycero- 
phosphate (a chemical stimulant of calcification),  a  20-fold 
increase  in  calcium  content  was  measured  and  numerous 
calcific nodules were observed throughout the cultures (19). 
To assess the levels at which collagen protein accumulation 
may be regulated,  we have now examined collagen gene ex- 
pression,  protein  synthesis,  and  procollagen  processing  in 
this chicken embryo osteoblast culture system over the same 
30-d period. In addition, the three-dimensional structural as- 
sembly  of  cellular  and  extracellular  components  and  the 
chemical nature of the inorganic mineral phase deposited in 
this  system were also  studied. 
Materials and Methods 
Cell Culture 
Osteoblasts were isolated by  sequential trypsin/collagenase treatment of 
17-d embryonic chicken calvariae and cells capable of expressing an osteo- 
blastic phenotype were selected as previously described (17). Cultures were 
initially grown for 3 wk in minimal medium, then they were subeultivated 
and grown for up to 32 d  in BGJb (Fitlon Jackson medium supplemented 
with 50 Ixg/ml ascorbate,  10 mM 13-glycerophosphate). 
Protein Pulse Labeling and Pulse-Chase Analysis 
Cells  were  pulse  labeled  with  L(2,3,4,5)  [3H]proline  120  mCi/mmol 
(Amersham Corp., Arlington Heights, IL) for either 24 h (steady-state syn- 
thesis analysis) or 30 min (pulse-chase analysis) as previously described 
(16). For pulse-chase analysis, the pulse media was removed after 30 rain 
and cell  layers were washed with  5  ml  of PBS.  Cell  layers were then 
replenished with 5 ml of fresh minimal essential media and time points were 
collected at 15 and 30 min, 1, 2.5, 5, and 24 h. The total cell layer and media 
proteins for steady state or pulse-chase labelings were separately extracted 
(18). Proteins were analyzed by electrophoresis on 5-10% continuous gra- 
dient SDS polyacrylamide gels (23). Fluorography was carded out by the 
method of Bonner and Laskey (6) and Laskey and Mills (28) and quantita- 
tion of the procollagen and collagen protein bands was carried out by scan- 
ning densitometry. The gels were dried and exposed at -50~  for varying 
lengths of times as described in figure legends below. Proline pulse-labeled 
protein (50,000  cpm) was digested with collagenase, and the amount of 
collagenase-sensitive  material was determined by the method of Peterkofsky 
and Diegelmann (38). Total protein synthesis was measured by determina- 
tion of the total  counts per minute of acid insoluble protein. 
RNA Extraction 
Total RNA was extracted from 10 culture dishes (100 mm diam) at various 
time points by using a modification of  the phenol-proteinase K method (18). 
Total nucleic acid samples were resuspended in 6 M guanidine HCI at 400 
lsg/ml, followed by the addition of 0.5 vol of absolute ethanol, and precipi- 
tated at -20~  for not more than 12 h. Total RNA was recovered by cen- 
trifugation at 8,500  g, washed in 70%  ethanol, dried, and reprecipitated. 
This method of RNA preparation has been previously shown to separate 
RNA and DNA quantitatively (18). Polyadenylated mRNA was prepared as 
previously described (12). 
RNA was subjected to electrophoresis on 25 cm agarose gels containing 
2.2 M formaldehyde and blotting was carried out by the method of Thomas 
(50). Dot blots and mRNA copy number analysis were carried out as de- 
scribed previously (18). Nick translation of probes and hybridization condi- 
tions were earlier reported (12) using cDNA clones pCg45 (31), pCg54 (30), 
and pCg322 (56) for determination of pro ct2(I),  pro r  and pro QI(III) 
collagen mRNA levels, respectively. 
Ultrastructural  Analysis 
For ultrastructural  analysis, cells in culture wells were fixed directly by 
either  aqueous  (glutaraldehyde-OsO4)  or  anhydrous  (ethylene  glycol) 
methods (27).  Thin tissue sections (80-120 nm) were cut using diamond 
knives with an Ultrotome III (LKB Instruments, Inc., Gaithersburg, MD) 
on a veronal acetate trough (aqueous technique) or on ethylene glycol (anhy- 
drous method). Some sections were stained with 80% uranyl acetate in ab- 
solute ethanol and with Sato's lead. Conventional transmission microscopy 
was carried out at 60 KeV in a Philips 300 electron microscope, selected area 
electron diffraction (unstained sections) was conducted at 80 KeV in the same 
instrument, and electron probe microanalysis (unstained sections) was per- 
formed at 25 kV in a STEM-modified JEOL 50A scanning electron micro- 
scope (25, 26). For high voltage electron microscopy, thick sections (1-1.5 
gm) prepared by aqueous or anhydrous means (27) were made using an LKB 
Ultrotome  III  and  diamond  knives.  All  sections were  cut  transversely 
through the cultures so that they contained in cross section the earliest and 
subsequently more recently formed layers of  cells. In some instances, tissue 
blocks were sectioned in two directions perpendicular to each other to pro- 
vide orthogonal profiles of the culture components. Some tissue sections 
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Figure 2. Comparative analysis of total steady state mRNA levels, 
collagen synthesis, and collagen accumulation versus days in cul- 
ture. mRNA levels, expressed as copies per cell, were derived from 
dot blot hybridization as previously described (18). Duplicate or 
triplicate culture time point mRNA samples were used for each de- 
termination.  (&) ctl(I); (o) tt2(I);  (z~) al(III).  Collagen protein 
synthesis was determined by bacterial collagenase digestion, as to- 
tal acid precipitable cpm -  acid precipitable cpm after collagenase 
digestion. Duplicates of four different pulse-labeled samples from 
each time point were used for each determination. Collagen ac- 
cumulation was determined from amino acid analysis and calcu- 
lated on the  basis of total hydroxyproline content and  ratio of 
hydroxyproline to proline. 
were stained anhydrously with OsO4 vapor for 30 min (29).  Sections were 
examined at 1.0 MeV in the high voltage electron microscope located at the 
National Institutes of Health Biotechnology Resource Laboratories in Al- 
bany, NY. The microscope is equipped with a side-entry goniometer speci- 
men holder maintained at  -120~  (21). 
Results 
Collagen Gene Expression and Protein Synthesis 
To determine the level at which collagen accumulation is 
regulated during osteoblast growth in culture, collagen gene 
expression and protein synthesis were examined. Collagen 
mRNA levels were qualitatively examined by Northern blot 
analysis to determine the integrity of the isolated mRNAs, 
their size, their relative quantity, and the distribution of the 
mRNAs between their various polyadenylation species. As 
can be seen in Fig. 1, left very high concentrations of procol- 
lagen al(I) and ~t2(I) mRNAs were detected on days 6 and 
12,  after which a  large decline in their amounts was ob- 
served. Scanning densitometry showed that there was con- 
siderable variation in the ratio of  the various polyadenylation 
species at later time points in these samples with an apparent 
loss of the larger molecular weight mRNAs, 
Absolute RNA amounts per cell can be obtained by dot 
analysis using total RNA (18). Since the quantities of total 
RNA and total DNA contents (17), the probe lengths, and 
probe specific activities are known for each dot blot assay, 
the hybridizable counts per minute are directly proportional 
to the absolute number of complementary sequences in the 
RNA  sample.  The results of a  representative analysis for 
procollagen ttl(I) mRNA is shown in Fig.  1, right. As can 
be seen, duplicate samples at three concentrations were mea- 
sured for days 3, 6, 12, 18, 24, and 30. These results are com- 
parable with those obtained by Northern blot analysis. At 
later time points, however, as large a decline in mRNA levels 
was not seen for the total RNA samples as was seen for poly 
A  selected mRNAs. 
A comparison of the mRNA levels to protein synthetic lev- 
els and collagen accumulation is shown in Fig. 2. Fig. 2, left 
represents a  compilation of dot blot data for procollagen 
al(I), ~t2(I), and ~tl(III) mRNAs, while Fig. 2, center panel 
depicts protein synthetic levels as determined by collagenase 
sensitivity. Analysis of mRNA levels here detected from 0.3 
to 3.0% of  the total collagen mRNAs as type III collagen tran- 
scripts. A summary of these data is presented in Table I in 
which the ~tl/a2 ratio of type I, the type I to type III collagen 
ratio, and the relative translational efficiency of the type I 
collagen mRNAs are compared. As can be seen from Fig. 
2 and Table I, the al/a2 ratio varies from 1.7 to 2.1 with an 
overall average of 1.9. This is consistent with the observed 
~tl/a2 collagen protein ratio of 2.0 in these cells (17). Fig. 
2, right depicts collagen accumulation determined by protein 
hydrolysis and total hydroxyproline quantitation.  Although 
collagen mRNA and protein synthesis are declining after day 
12, total collagen accumulation shows its most rapid increase 
(greater than sixfold) after day 12. 
Collagen Secretion and Procollagen Processing 
A comparison of the data from Fig. 2 demonstrated that col- 
lagen accumulation in culture was not controlled primarily 
at a pretranslational or protein synthesis level but at some 
posttranslational level. One possible level at which collagen 
accumulation could be controlled was at the level of procol- 
lagen processing. Initial experiments were therefore  directed 
at determining if the distribution of procollagen, its process- 
Table L Collagen Synthesis and mRNA Translational Efficiency 
al(I)/a2  Type IH/type I  Translational  Percent 
Days in culture  mRNA ratio*  mRNA ratio*  efficiency:/:  collagen synthesisw 
3  2.00  0.03  6.8  5.4 +  1.5 
6  1.70  0.01  6.4  6.5  -I- 1.0 
12  2.20  0.004  4.4  5.6  -t- 1.0 
18  1.75  0.018  1.5  8.5 +  1.2 
24  2.15  0.014  1.5  7.3 + 0.6 
30  1.75  0.015  1.1  10.6 + 0.6 
* Derived from Fig. 2 on RNA levels. 
$ Derived from Fig. 2 CPM coltagenase-sensitive protein/copies of mRNA x  100. 
w  Derived from collagenase-sensitive  protein determination and total incorporation using method of Peterkofsky and Dieglemann (38) to calculate percent collagen 
synthesis. 
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function of time in culture. Procollagen, its partially processed in- 
termediates, and ct chains  secreted into the culture media were 
separated on a 5-10% continuous gradient SDS-polyacrylamide 
gel. The molecular nature of the intermediates as the collagen con- 
taining the carboxyl extension peptide (pC) or the amino extension 
pepfide (pN) was based on their mobility in comparison to data pre- 
viously published for type I collagen produced by chick calvaria or- 
gan culture (9) and was consistent with previous data for type I col- 
lagen synthesized by calf smooth muscle cells (16). The percent 
distribution of procollagen and partially processed intermediates to 
r  chains versus time is seen in the graph. Each time point determi- 
nation was based on the average of the densitometric scans of three 
different gels derived from two separate time course experiments. 
Fluorograph exposure was for 2 d. 
ing intermediates, and ~t chains varied throughout the 30-d 
culturing  period.  Procollagen processing profiles and  the 
percent distribution of the pro and partially processed inter- 
mediates to ct chains are shown in Fig. 3. In this experiment, 
cells were labeled for 24 h and the media of the cultures were 
analyzed by SDS-PAGE.  These results clearly show that, 
with culture time, a greater percent of procollagen is con- 
verted to 0t chains during a 24-h period. The comparison of 
the percent distribution from day 3 to day 30 shows that there 
is a sixfold increase in the steady state amount of ct chains 
secreted into the medium. 
Since  this  experiment  was  performed  on  24-h  pulse- 
labeled samples,  only steady states of the procollagen, its 
processed intermediates, and ~t chains may be observed. To 
determine  procollagen processing  kinetics,  a  pulse-chase 
analysis was carried out at either day 3, 12, or 30 of the cul- 
turing period. The electrophoretic profiles of the media and 
the cell layers of the day 3 and 30 pulse-chase experiment 
are shown in Fig. 4.  A comparison of both media and celt 
layer profiles of days 3-30 demonstrates that at day 3, even 
after 2.5 h, most of the collagens are observed in the procol- 
lagen or partially processed forms. In contrast, at day 30 al- 
most all of the procollagen and its partially processed inter- 
mediates have been chased to a chains after 0.5 h. Fig. 4 also 
shows that at day 3 a large proportion of the collagen mole- 
cules moves from the cell layer compartment to the medium. 
At day 30, however, there appears to be an equal distribution 
of collagen between the cell layer and the media compart- 
ments with fully processed collagen chains appearing in both 
compartments. 
To quantitate pulse-chase data and determine the kinetics 
of processing of the procollagen molecules, scanning den- 
sitometry was  performed on the autoradiograms shown in 
Fig. 4. These results are shown in Fig. 5, A and C. The t,j, 
of conversion at day 3  is  "~3 h,  while only ,'~80%  of the 
procollagen is fully processed after 24 h. At day 30, however, 
the t,/2 is <0.5 h and nearly complete processing is seen af- 
ter 24 h. Since previous data have shown that collagen mole- 
cules secreted into the media do not become incorporated 
into the growing matrix in the cell layer (47), it was of in- 
terest to determine if many more synthesized collagen mole- 
cules became matrix associated with time. The percent dis- 
tribution of the collagen between the media and cell layer 
compartment was obtained from the total [3H]proline col- 
lagenase-sensitive counts associated with each compartment 
and were roughly comparable to the gel profiles of Fig. 4. 
On day 3 these data show that, as the chase time increases, 
a greater percentage of the collagenase-sensitive material is 
found in the media, and after 24 h >60% of the collagenous 
proteins were found in this compartment. In contrast, at day 
30,  the amounts of collagenous proteins found in the cell 
layer and media compartments remain relatively constant at 
~70 and ~30%, respectively. Thus, data from Fig. 5 indi- 
cate that collagen was both more efficiently  processed and in- 
corporated into  the  extracellular matrix  at  later  times  in 
culture. 
Macrostructural Assembly and Mineralization 
of Collagen 
Biochemical data (Figs.  1-5) would suggest that, by day 30, 
the osteoblast cultures have accumulated and assembled an 
extensive collagenous matrix. However, these analyses can- 
not provide a determination of how the synthesized collagen 
is packaged into fibrils and fibers, or how these might be 
macrostructurally  organized.  These  parameters  were  as- 
sessed by microscopic examination of extracellular matrix 
ultrastructure. Thin sections of 30-d cultures cut parallel to 
the culture dish surface demonstrated that an extensive colla- 
gen matrix composed of well-developed collagen fibrils had 
been formed (Fig. 6). Most of the fibrils observed in these 
sections appeared to be aligned with their long axes in a 
plane parallel to the culture dish surface. Electron opaque 
areas of mineral (see below) were seen randomly distributed 
throughout the matrix and in many areas appeared to be as- 
sociated with the collagen fibrils. 
To obtain a three-dimensional view of the macrostructural 
assembly of the collagen matrix, high voltage electron mi- 
croscopy of thick sections was used. These sections were cut 
perpendicular to the culture dish surface so that a profile of 
all cell layers could be examined simultaneously. Two mon- 
tages of these results are presented in Figs.  7 and 8. Fig. 7 
shows that the osteoblast cultures become arranged in up to 
three to four cell layers over a  30-d period and individual 
cells are embedded in a dense meshwork of collagen fibrils. 
Each cell layer appears to be associated with a layer of fibrils 
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collagen processing and secretion. Pro- 
collagen,  its  partially  processed  inter- 
mediates, and  r  chains were separated 
on a 5-10% continuous gradient SDS- 
polyacrylamide gel. The day of the ex- 
periment, the time of chase, and the cul- 
ture compartment (media or cell layer) 
are denoted in the figure.  Fluorograph 
exposure was for 6 d. Nomenclature for 
collagen intermediates is given in Fig. 3. 
DAY  3  DAY  30  'ooF% 
8~  \  ..-"  / 
￿9  t-  ￿9  ~-Chain~  Lu  |  \  /c,.~..  ., 
o~  ~  601  "N~//  ~/ 
/\  \  |  /  ￿9  ..o-oo,,,o, 
2o -  /  ",,.  \ 
I  /  ~176176176  "\ 
I-  8O 
m~ 
~o 
0~  I  2  5  4  5  24  I  2  3  4  5  24 
HOURS 
Figure 5. Kinetic analysis of procollagen processing and secretion. 
The day of the experiment and time of the chase are shown.  (/'bp 
panels) The percent distribution of procollagen and partially pro- 
cessed intermediates to the ~t chains.  The distribution was deter- 
mined by scanning densitometry of the gel profiles depicted in Fig. 
4.  An average of both the media and cell layer profiles was used 
for the determination. (Bottom  panels) The percent distribution be- 
tween cell  layer and  media of newly synthesized collagen.  Total 
bacterial collagenase sensitive cpm were determined for combined 
cell layer and media. The bacterial cotlagenase sensitive cpm were 
determined separately for each compartment (media or cell layer). 
The percent distribution  was then calculated  for the collagenase 
sensitive cpm between the cell layer and the media. 
alternately oriented at approximately right angles. In any in- 
dividual  layer,  longitudinal  axes of the  fibrils are parallel. 
From transverse  tissue sections,  most fibrils were  found to 
have diameters in the range of 40-150 nm, the fibrils adjacent 
to cell plasmalemma being the smaller in diameter and less 
well organized.  The collagen fibrils of the deepest cell layer 
adjacent to the culture dish surface were observed to be the 
most extensively mineralized  (Fig.  8). 
Cells  observed  in  cross-sectional  profile  were  generally 
fiat  and  elongated  and  contained  well-defined  nuclei  and 
nucleoli.  Extended cytoplasmic processes were observed be- 
tween cells throughout the matrix. Cells appeared to be bio- 
logically  active  and  viable  as  evidenced  in  part  by  well- 
developed rough  endoplasmic  reticulum. 
To  examine  the  spatial  relationship  between  mineral 
deposits and the organic components of the extracellular ma- 
trix of the  cultures,  thin  sections  were  studied  by conven- 
tional  electron  microscopy  (Fig.  9).  The  characteristic 
64-70-nm banding pattern typical of type I collagen was ob- 
served. Relatively few extracellular membrane-bound struc- 
tures  such  as matrix  vesicles (2,  7)  were  found.  Electron- 
dense areas were principally associated with collagen fibrils. 
Particles within the dense deposits had a needle- or platelike 
habit and in several areas they were deposited along collagen 
fibrils  in  a  periodic  manner  corresponding  to  that  of the 
fibrils themselves (64-70 nm).  Fig.  9, upper left inset illus- 
trates a  typical energy dispersive x-ray spectrum  generated 
from electron dense deposits of the cultures prepared by an- 
hydrous means. Characteristic peaks representing calcium and 
phosphorus with Ca/P molar ratios in the range of 1.1-1.4 were 
detected.  Selected area electron diffraction of dense deposits 
Gerstenfeld et al.  Collagen Expression  in Cultured  Osteoblasts  983 Figure 6. A relatively low magnification  electron photomicrograph of  a region from cultured chicken embryo osteoblasts, fixed  with aqueous 
glutaraldehyde-osmium tetroxide, and stained with uranyl acetate and Sato's lead. The micrograph illustrates a typical cell containing a 
prominent nucleus (N), mitochondria (M), and endoplasmic reticulum (ER). The cell resides in a small lacuna surrounded by an extensive 
extracellular matrix characterized by long, thin fibrils of collagen (C) and numerous electron-dense mineral deposits (arrowheads) develop- 
ing at this stage of  culture (32 d). This section was made parallel to the surface of  the culture dish in distinction to that shown in figures below. 
(Fig.  9,  upper  right  inset)  indicated  a  poorly  crystalline 
hydroxyapatite. 
Discussion 
In the present studies, the molecular levels of regulation for 
collagen synthesis and accumulation are defined in cultured 
chicken embryo osteoblasts. During the first 6 d of growth 
in culture, steady state mRNA levels and protein synthesis 
increased  1.2- and  1.8-fold,  respectively, indicating control 
of protein synthesis at a pretranslational level. The elevated 
levels of mRNA and protein synthesis in culture are analo- 
gous to embryonic chicken calvariae bone development be- 
tween days 10 and 16 in which there is also a 1.8-fold increase 
in both mRNA  and protein synthesis (33).  High collagen 
synthetic activity precedes matrix calcification in vivo and 
in vitro and would indicate that an initial collagen matrix 
must be formed before mineral deposition can occur. 
Examination of the collagen mRNA ratios from Table I in- 
dicates at all time points that al(I) and r  mRNAs are 
coordinately regulated at a pretranslational level to maintain 
an approximately 2:1 ratio. While delayed reduction analysis 
of the newly synthesized collagen had previously failed to de- 
tect collagen type III  (17),  the more sensitive analysis of 
mRNA levels described here indicates small amounts (0.3- 
3 %) of the total collagen mRNAs are type III. These low lev- 
els of type III may be produced by a small number of con- 
taminating periosteal fibroblasts or may be derived from un- 
differentiated mesenchymal cells.  The latter explanation is 
consistent with the results of Reddi et al. (44) in which colla- 
gen type III was found associated with initial mesenchymal 
ingrowth in bone matrix-induced endochondral differentiation. 
At early time points in the osteoblast culture system, there 
is a much greater efficiency of collagen mRNA translation 
than at later time points, and, while an observed 10-fold de- 
crease in protein synthesis is seen from day 12-30, there is 
only  a  2.5-fold  decrease  in  the  observed  levels  of  the 
mRNAs. Translational control has been previously observed 
in vivo as well as in several other in vitro systems (15, 45, 
51). This  may  be  a  result  of the  long  half-life for these 
mRNAs  with  a  subsequent  loss  of  translation,  possibly 
related to the loss of poly A-containing species at later time 
points (See Fig. 1, left, time points 24 and 30 d). Both procol- 
lagen al(I) and ct2(I) mRNAs exhibited multiple molecular 
weight  species  identical  to  those  previously  observed  in 
numerous other tissues  and  cells including  chondroblasts 
(12), myoblasts (lg), and chicken calvariae (1). These multi- 
ple molecular weight species have been previously shown to 
be the result of multiple polyadenylation sites at their 3' ends 
The Journal of Cell Biology, Volume  106, 1988  984 Figure 7. A montage of  electron photomicrographs  obtained using high voltage  electron microscopy 0  MeV) of a 30M-old osteoblast  culture 
fixed with glutaraldehyde-osmium  tetroxide and stained with uranyl acetate and Sato's lead. The 1.5-l.tm-thick section was cut perpendicular 
to the surface of the culture dish so as to provide a transverse view through the thickness of the culture. The micrograph illustrates a typical 
osteoblast at this stage of  culture development. It contains a prominent nucleus (N), mitochondria (M), and definitive nuclear (single arrow- 
heads) and cell (double arrowheads)  membranes. An extensive extracellular matrix is characterized principally by type I collagen fibrils 
(C). It is of interest in this and other montages that culture cell layers were typically three to four cells thick and collagen fibrils were 
arranged orthogonally from layer to layer. 
Gerstenfeld  eta|. Collagen  Erpression in Cultured Osteobtasts  985 Figures 8 and 9. (Fig. 8) An electron photomicrograph obtained by high voltage electron microscopy (1 MeV) of a 30-d chick osteoblast 
culture fixed and stained as described in Fig. 7. The culture was sectioned perpendicular to the surface of the culture dish. Electron-dense 
minerals (arrowheads)  are more numerous in association with the layer of collagen fibrils nearest the bottom of the culture dish.  Thus 
The Journal of Cell Biology, Volume 106, 1988  986 (1). In the present experiments, considerable variation was 
seen in these polyadenylation species suggesting a possible 
role in either mRNA stability or translational control, It is 
also interesting to point out the results of Paglia et al. (37) 
that demonstrated selective inhibition of collagen translation 
in vitro by the amino-terminal propeptide of type I collagen. 
The possible role of the amino propeptide in vivo might be 
indicated by the more efficient collagen processing observed 
in the osteoblast cultures at later time points. At these later 
times, higher levels of the amino propeptide would be pres- 
ent,  and  it  is  at  these  later  times  that  low  translational 
efficiency is observed. 
A direct relationship between collagen synthesis and colla- 
gen accumulation in the cell layer was not observed. Instead, 
the data presented in Figs, 3-5 would indicate that collagen 
accumulation is largely controlled at the level of fibril assem- 
bly and procoUagen processing.  Fibril assembly has been 
shown to be a multistep process (52,  54).  Several discrete 
phases have been identified including the formation of sub- 
fibrillar aggregates with subsequent steps involving both lin- 
ear and lateral fibril growth (54).  The relationship between 
procollagen processing and both linear and lateral fibril as- 
sembly has been suggested by several recent studies (13, 14). 
Analysis of chicken embryo skin of different ages with an- 
tibody directed toward the amino extension peptide of colla- 
gen type I indicated that during early embryo development 
there is a much higher ratio of pNctl(I) to ctl(I) (13). On local- 
ization, antibody reactivity had a specific 60-nm periodicity 
and  was  predominantly  associated  with  thin  (10--35 nm) 
fibrils (13, 14). These results have led to the suggestion that 
the amino-terminal propeptide may play a role in longitudi- 
nal fibril assembly and provide a mechanism of controlling 
lateral fibril growth (13, 14). Removal of the carboxyl propep- 
tide has also been shown to be a prerequisite for fibril forma- 
tion in vitro (32).  The data presented here provide a direct 
measurement by pulse-chase analysis of processing kinetics 
versus collagen incorporation  into an extracellular matrix 
and conclusively demonstrate the relationship between ma- 
trix maturation and the rate of procollagen processing. 
Two possibilities exist to explain the observed differences 
in processing kinetics: (a) alterations in enzyme concentra- 
tion; (b) alteration in the rate constant (Kin) of the enzyme. 
The former explanation seems less likely than the latter since 
it implies that the enzymes associated with procollagen pro- 
cessing would not be coordinately expressed with procolla- 
gen synthesis.  An altered Kin, however, could result from 
either a more active enzyme conformation or a higher sub- 
strate  concentration.  Electron  microscopic  studies  have 
documented that procollagen processing and early flbrillo- 
genesis are initiated at the cell surface in the extracellular 
matrix  (53).  The data  presented  here  show  similar  small 
fibrils adjacent to the cell plasmalemma and would tend to 
support these earlier findings. Thus, the processing enzymes 
themselves may need to be properly assembled in the matrix 
to have the most favorable conformation for maximal activ- 
ity. Conversely, if the substrate is an early fibrillar aggregate, 
the rate limiting factor would be fibrillar aggregate forma- 
tion,  which itself may be promoted by the state of matrix 
maturation. 
Numerous ultrastructural studies have demonstrated that 
collagen fibrils in situ are macrostructurally arranged in a 
tissue specific fashion (for example, tendon has parallel ar- 
rays while bone collagen is orthogonally arranged) (24, 54). 
The experiments presented here demonstrate that osteoblasts 
in vitro are capable of assembling their collagen fibrils in the 
phenotypic manner seen in situ. Whether the fibril assembly 
is a vectorial secretion process, as suggested by Trelstad and 
Hayashi (53), or is influenced by a noncollagen or minor col- 
lagen matrix molecule(s) to promote the orthogonal arrange- 
ment is unclear at this time. However, these results indicate 
that molecular packing of the collagen fibrils and their mac- 
rostructural assembly are intrinsic properties of this osteo- 
blast phenotype. 
On the basis of von Kossa staining for phosphate deposi- 
tion  or  the  presence  of electron  dense  areas  in  electron 
micrographs,  several  laboratories  have demonstrated  that 
13-glycerophosphate promotes the calcification of the extra- 
cellular matrix produced by osteoblasts (4, 34, 35, 49, 55). 
These studies definitively show by electron probe microanal- 
ysis that the mineral is composed of Ca and P with relatively 
low Ca/P ratios. The diffuse reflections on electron diffrac- 
tion indicate the mineral is a poorly crystalline hydroxyapa- 
the development of mineral and its interaction with collagen in this system are related spatially, and presumably temporally, with the progres- 
sive thickening of culture layers. The cell contains a nucleus (N) and numerous other organelles including putative mitochondria  (M). 
Note the orthogonal nature of adjacent collagen fibril layers. (Fig. 9) A higher magnification electron photomicrograph of the extracellular 
matrix taken from a 30-d culture, fixed with glutaraldehyde-osmium tetroxide, and stained with uranyl acetate and Sato's lead. The extracel- 
lular matrix is replete with collagen fibrils characterized by their typical 64-70-nm periodicity. Crystailites of a mineral phase (MIN) are 
clearly associated with the collagen fibrils appearing in longitudinal or transverse profile (C). Along occasional longitudinal profiles, the 
mineral deposits, themselves, are periodic (64-70 nm) (arrows).  In some places (arrowheads)  the deposition occurs in extrafibrillar spaces 
of the matrix in a form which is spherulitic (in three dimensions) rather than in the form of discrete, oriented needle- or platelike mineral 
deposits associated with collagen fibrils. Such spherulites appear to be associated with collagen sectioned transversely. A portion of an 
osteoblast is shown (OB). (Upper left inset) Typical electron probe spectra of a single, electron-dense extracellular deposit (upper trace) 
and the relatively electron-transparent matrix (lower trace) adjacent (within 20 nm) to the deposit. The curves were obtained from a section 
of 32-d chick osteoblasts in cultures treated with ethylene glycol and left unstained so as to maintain the nature of the mineral phase (27). 
Electron-dense deposits analyzed were similar in appearance to those illustrated in Fig. 9 photomicrograph.  Electron probe microanalysis 
was performed with an accelerating voltage of 25 KeV and a probe current of 1 ￿  10  -~ A using a stationary-beam spot for 200-s counting 
times. The probe beam diameter was <10 nm for analysis (25). The abscissa is calibrated relative to x-ray energy (20 eV/channel). A compar- 
ison of the two spectra shows that the dense deposit consists principally of calcium and phosphorus having a Ca/P ratio on the order of 
1.1. Silicon in the matrix spectrum originates from slight specimen contamination on microanalysis, copper derives from the grid supporting 
the section, and iron from the pole piece of the electron probe. (Upper right inset)  Selected area electron diffraction pattern from a small 
cluster of electron-dense material in the 32-d osteoblast culture treated by anhydrous means. Electron diffraction was performed at 80 KeV 
and reflections were calibrated against a gold standard examined under the same conditions. The poorly resolved, indexed reflections are 
characteristic  of a very poorly crystalline hydroxyapatite. 
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mineralizing tissue (24-26,  29, 40). 
In sections in which all the cell culture layers are examined 
simultaneously, it is of interest to note that the deepest colla- 
gen fibril layer was most heavily mineralized. Whether this 
layer of collagen is the first synthesized is still unclear since 
it is not understood how the matrix is assembled temporally. 
Similar observations have been  reported  by Nefussi et al. 
(34) in cultures of mouse calvaria osteoblasts. While mineral 
is predominantly associated with collagen fibrils during cul- 
ture development,  some membrane-bound, vesicular struc- 
tures containing Ca and P were also observed at early culture 
time points and in cultures without 13-glycerophosphate sup- 
plementation (Gerstenfeld, L. C., and W. J. Landis, unpub- 
lished results).  In size and  shape,  such vesicles  resemble 
those observed in situ (2, 7), but their role in culture miner- 
alization remains equivocal. 
In conclusion, the data presented here provide a detailed 
analysis  of collagen synthesis  and regulation  in osteoblast 
cultures.  These data indicate that collagen deposition is con- 
trolled at a posttranslational  level and that normal collagen 
fibril formation and macrostructural  assembly can occur in 
vitro. The nature of the mineral in these cultures  is hydroxy- 
apatite  and it is associated primarily with collagen.  Thus, 
osteoblasts in vitro offer an ideal system to study the temporal 
processes of collagen assembly  and mineralization and to 
elaborate with further structural and biochemical character- 
ization the possible roles of osteocalcin,  phosphoproteins, 
and  other  extracellular  components  of  the  mineralizing 
matrix. 
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